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We have measured total absolute cross sections for the Mutual Neutralization (MN) of O− with
O+/N+. A fine resolution (of about 50 meV) in the kinetic energy spectra of the product neutral
atoms allows unique identification of the atomic states participating in the mutual neutralization
process. Cross sections and branching ratios have also been calculated down to 1 meV center-of-mass
collision energy for these two systems with a multi-channel Landau-Zener model and an asymptotic
method for the ionic-covalent coupling matrix elements. The importance of two-electron processes in
one-electron transfer is demonstrated by the dominant contribution of a core-excited configuration
of the nitrogen atom in N+ + O− collisions. This effect is partially accounted for by introducing
configuration mixing in the evaluation of coupling matrix elements.
Anions play crucial roles in a range of astrophysical
environments and planetary atmospheres. Atomic and
molecular negative ions, such as O− and O−2 , have been
detected in the atmospheres of Earth [1, 2], Mars [3],
and Titan [4]. Already in 1939, Wildt [5] suggested
that the simplest atomic anion H− is responsible for the
opacity of the solar photosphere at wavelengths below
1645 nm, and shortly thereafter this was verified through
direct spectral observations [6–8]. It was also suggested
that H− [2, 9] and other anions such as C−, Cl−, S−,
O− and O−2 [10, 11] influence stellar absorption spectra
in general, although the concentrations of O− and O−2
turned out to be too small to be detected in these en-
vironments. Reactions with anions have been included
in interstellar chemistry models [12, 13] for decades, but
it was not until 2006 that the first negative molecular
ion, C6H
−, was observed in molecular clouds [14]. Since
then C4H
− [15], C8H
− [16], C3N
− [17], C5N
− [18], and
most recently CN− [19], have also been detected. Nega-
tive ions such as O− and/or OH− and C− and/or CH−,
were detected with limited mass resolution in the coma
of comet 1P/Halley [20]. Further it was proposed that
reactions involving O−, S− and C− could be responsible
for the presence of CS molecules in the supernova 1987A
ejecta [21].
Anions often have loosely bound outer electrons and
large reactivities, and may thus influence the charge bal-
ance in plasma even at low concentrations. Therefore
atomic anion formation processes such as dissociative
(AB+ e− → A−+B) and radiative (A+ e− → A−+hν)
attachment are of large interest for, e.g. astrophysical
modeling [3, 22]. Likewise anion destruction processes
such as photodetachment (A− + hν → A + e−), asso-
ciative detachment (A− + B → AB + e−), associative
ionisation (AI) (A−+B+ → AB++e−) and mutual neu-
tralization (MN)
A− +B+ → A+ B (1)
are important in such contexts. The corresponding ab-
solute cross sections and rate coefficients are thus key to
determine charge balances, electron concentrations, and
abundances of different atomic and molecular species (in
the forms of neutrals and ions) in cold molecular clouds
and in other astrophysical environments [3, 22–30].
Earlier experiments on mutual neutralization have
mostly been performed at collision energies above some
tenths of an eV. This energy range is not the most
relevant for many astrophysical applications and, fur-
ther, different final quantum states were not resolved in
these earlier studies [31, 32]. With the present experi-
mental technique, two co-propagating atomic ion beams
are merged such that the angles between individual an-
ion and cation trajectories typically are smaller than
1.5 mrad in the interaction region [33]. We are thus
able to present the first subthermal studies of quantum-
state resolved MN processes. We report results for the
O−+O+ and O− +N+ MN reactions for center-of-mass
collision energies between 5 meV and 2 eV. The mutual
neutralization experiments were performed at the Uni-
versite´ Catholique de Louvain. Studies of associative ion-
ization AI processes were previously performed with the
same apparatus [34] and the corresponding results may
be used to put the MN reaction cross sections on an ab-
solute scale.
2FIG. 1. Experimental apparatus (not to scale). The gray
elements are used for Associative Ionization measurements.
The negative ion beam O− is produced by a Cs-ion
sputter source from a Fe2O3 cathode. A Wien filter is
used to select the ion mass. An electron cyclotron res-
onance (ECR) ion source followed by a bending magnet
is used to form the O+ and the N+ beams. After the
beams are shaped with ion optics and collimators [34],
they are merged in a 6.8±0.2 cm long interaction cell.
The voltage on this cell can be fine-tuned in order to ad-
just the center-of-mass collision energy down to the meV
range, where the lower limit is set by the angular spread
within each of the ion beams and any (small) misalign-
ment between them. The beams are demerged before
leaving the ultrahigh vacuum section of the apparatus.
A set of deflector plates after the interaction region is
used to separate the ionic parent beams from the neutral
products and to send the A− and B+ ion beams into sep-
arate Faraday cups as shown in Fig.1 (in black for MN
and in gray for AI measurements). For the AI measure-
ments, the product molecular ions AB+ are deflected by
a 180◦ magnet followed by a 30◦ deflector – to filter out
scattered ions – and are sent into a single counting mode
channel electron multiplier (CEM) as shown in gray in
Fig. 1.
To detect the neutral products of mutual neutraliza-
tion, we use a three-dimensional imaging detection sys-
tem. It consists of two position sensitive detectors, each
composed of a stack of three microchannel plates (MCPs)
and a resistive anode. They are separated in the beam-
propagation direction by 10 cm to reduce the dead zone
between them. The kinetic energy release (KER) is de-
termined from coincidence measurements of the positions
and the differences in time of arrival of two neutrals (A
and B) hitting separate detectors in a single MN event.
The distortion on the positions caused by non-linear spa-
tial response of the detectors is corrected for and the
background due to false coincidences subtracted. The
spectra are then corrected for the KER-dependent angu-
lar acceptance [35].
In contrast to earlier studies of MN [36], the use of
two separate detectors allows for simultaneous detection
of the two products and the long drift distance of 3.25 m
from the interaction cell to the imaging detectors allow us
to minimize the misalignment of the two beams. This is
done by optimizing the MN coincidence rate relying on
the (expected) 1/ECM energy dependence of the cross
section and the fact that the angular dispersion of the
beams is the main limiting factor for the resolution in
the definition of the center-of-mass collision energy, ECM
[37]. Considering a collision between an anion of mass
mA and kinetic energy EA and a cation of mass mB and
kinetic energy EB (EA and EB are the ion-beam energies
in the laboratory system), we get
ECM = µ
(
EA
mA
+
EB
mB
− 2
√
EAEB
mAmB
cosφ
)
(2)
where µ = mAmB/(mA +mB) is the reduced mass and
φ is the angle between the ion trajectories. For 7 keV
oxygen beams, EA/mA = EB/mB and φ = 1 mrad,
ECM = 3.5 meV. A typical spread ∆EA ≈ 5 eV in
the anion beam energy then gives a negligible spread of
∆ECM ≈ 10
−6 eV. The sensitivity to a similar energy
spread in the cation beam is equally low. However, a
spread in angles ∆φ between anion and cation trajecto-
ries of 1 mrad, gives ∆ECM ≈ 7 meV.
The ratio between the finite length of the interaction
region and the distance to the detectors determines the
KER resolution. A longer flight distance gives a better
precision on the velocity measurements of the neutrals
and thus increases the resolution, but also limits the an-
gular acceptance. Here, we reach a resolution of 50 meV
FWHM at 1 eV of KER and we are thus able to identify
the quantum states (L-S terms) of the neutral reaction
products.
Total and angular differential MN cross sections can
be retrieved from the measured angular distributions. In
Figure 2, we show the present total and absolute MN
cross section for O− + N+ → O + N∗ (blue circles, top
panel) and for O− + O+ → O + O∗ (blue circles, bot-
tom panel). The MN absolute cross section scale is es-
tablished by means of previously measured absolute AI
cross sections [34], using the presently measured ratio
between AI and MN rates, assuming 50 % MCP detec-
tion efficiency and correcting for geometrical limitations.
This gives good agreement with the results of Hayton and
Peart [31] (red squares) as well as with calculations (solid
black line) by Zhou and Dickinson [38] down to 1 eV.
The KER distributions for O− colliding with N+ (top
panel) and with O+ (bottom panel) are shown in Fig-
ure 3. Each peak in these spectra corresponds to a sep-
arate L-S term in the excited neutral N (upper panel of
Fig. 3) and in the excited O atom (lower panel) while
the (other) O atom is in its ground state after it has
lost its extra electron. The peaks marked with stars are
due to cations in metastable excited states before the
interaction. We observe a shift in the peaks’ KER of
≈ 5 meV in relation to their expected positions as given
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FIG. 2. Total cross sections for O−+X+ → O+X∗ (MN, blue
circles from present data; red squares from Ref. [31]) and for
O− + X+ → XO+ + e− (AI, black triangles from Ref. [34])
as functions of the nominal collision energy (φ = 0 in Eq. 2).
Left panel: X = N, right panel: X = O. The solid black lines
are calculations from Zhou & Dickinson [38] down to 1 eV.
The dashed black lines show the present calculations. The
blue lines are the convolution of E−1
CM
cross sections with the
angular and energetic distribution of the beams (see text).
FIG. 3. Kinetic Energy Release spectra at 5 meV center-of-
mass collision energy for the MN of O−+N+ (top panel) and
O− + O+ (bottom panel). The stars indicate contributions
from excited cations.
by KER = IEB − EAA − E
exc
B with IEB being the
ionization energies of the cations, EAA the electron affin-
ity of O− and EexcB the (2J+1)-weighted mean excitation
energy of the statistically populated neutrals formed in
electron capture by the cations. Since these spectra were
measured at nominal collision energies of 0 eV according
to Eq. 2 with an assumed angle of φ = 0, the shift in
energy corresponds to the collision energy ECM and is
L-S term Eexc(eV) BR(%) exp. ZD MCHF
2s2 2p2 3s 4P 10.3323 5.11 ± 0.11 0.05 0.04
2s2 2p2 3s 2P 10.6865 16.15 ± 0.18 13.35 8.08
2s 2p4 4P 10.9270 29.99 ± 0.22 1.09 23.17
2s2 2p2 3p 2So 11.6026 5.34 ± 0.12 4.68 3.58
2s2 2p2 3p 4Do 11.7584 23.25 ± 0.19 50.11 39.69
2s2 2p2 3p 4Po 11.8417 14.74 ± 0.16 22.77 18.82
2s2 2p2 3p 4So 11.9956 1.44 ± 1.10 1.21 1.02
2s2 2p2 3p 2Do 12.0058 2.79 ± 0.35 6.74 5.60
TABLE I. Branching ratios (in %) for O− + N+ → O(3P) +
N(2s+1L) at 5 meV CM collision energy for each L-S term of
N: statistically averaged excitation energy Eexc in eV, exper-
imental results (Exp.), calculations with initial values from
[38](ZD) and modified (MCHF) coupling elements.
due to the angular spread of the beams.
The area of individual peaks in the KER spectra
yields the branching ratios and the corresponding ab-
solute state-selective cross section (by relating the peak
area to the total intensity in the KER spectrum). The
branching ratios are given in Table I for the O− + N+
system and shown in Fig. 4 for both systems.
The method of Zhou and Dickinson [38], based on a
multi-channel Landau-Zener (LZ) model and the Firsov-
Landau-Herring [39] method, was used to calculate total
and partial cross sections down to 1 meV collision energy
for both collision systems. The asymptotic method of
Firsov-Landau-Herring allows the evaluation of the one-
electron exchange interaction ∆(RX), where RX is the
crossing distance, and thus the corresponding coupling
matrix element Hif ∼ ∆(RX)/2 between states i and f .
FIG. 4. Branching ratios for O− + N+ (left) and O− + O+
(right) as function of ECM . The lines are the present calcu-
lations: left panel with MCHF coupling elements and right
panel with initial values from [38]. Symbols: present experi-
ment.
4The coupling elements of Zhou and Dickinson [38] were
first used for the calculation of state-selective cross sec-
tions. The corresponding branching ratios were then ex-
tracted from the calculated partial cross sections and are
shown in Table I for collisions with N+ (at 5 meV) and as
functions of the center-of-mass energy in the right panel
of Fig. 4 for collisions with O+. For the latter system, the
agreement between experimental and calculated branch-
ing ratios at 5 meV for the four states appearing in the
KER spectrum is fairly good. However, for the O− + N+
system, if we compare the calculations (column ZD in Ta-
ble I) to the experiment, the 2s 2p4 4P state is clearly
underestimated.
In order to investigate the origin of the strong coupling
to the 2s 2p4 4P state in N, we performed multiconfigura-
tion Hartree-Fock (MCHF) calculations of the 2s 2p4 4P
energy using an expansion with the three 4P configura-
tions 2s 2p4 4P, 2s2 2p2 3s 4P and 2s2 2p2 3d 4P. This
yielded the corresponding mixing coefficients and these
were then used to obtain a modified coupling element for
the N(2s 2p4 4P) state. Branching ratios using coupling
strengths based on MCHF calculations are shown in the
last column of Table I for 5 meV and in the left panel of
Fig. 4, as functions of center-of-mass energy. They are
in better agreement with the experiment. However, all
the 2s2 2p2 3p channels, i.e. the channels with low KER,
are overestimated by theory while the 2s 2p4 4P and 2s2
2p2 3s channels (high KER) are still underestimated.
Our measurements and calculations clearly show that
states, such as 2s 2p4 4P, populated by a two-electron
process can not, as they often are, be neglected in cal-
culations. Moreover, we can see that multi-channel LZ
models underestimate high KER channels. In these ap-
proaches, only two-by-two couplings at large and inter-
mediate distances are considered, neglecting transitions
that may be active at smaller internuclear distances.
This was shown by Mitrushchenkov et al. [40] for the
Ca+ + H− MN reaction. They compared a branching
probability current method with the multichannel ap-
proach and showed that the latter underestimates the
contribution of weak transitions to the cross section. This
effect is important for the Ca(3d4p 3F) state, which is
similar to N(2s 2p4 4P) since its population implies a
two-electron process. However, the branching probabil-
ity current method can not be applied to O− + N+ as it
is too complex for current computational capabilities.
Crossings at short distances are inherently difficult to
treat as they are not localized, may overlap with one an-
other and are affected by the flux branching at the pre-
vious crossings along the way to short distances. A way
to improve the calculations could be to combine ab initio
calculations at the smaller distances with LZ calculations
at larger distances. The latter gives enough accuracy for
the highly excited electronic states and avoided crossings
at large distances while the former is too complex in that
range.
The total cross sections calculated with the coupling
elements from Zhou & Dickinson [38] for O− + O+ and
from coupling elements modified by means of the present
MCHF calculations for O− + N+, are shown by the
dashed lines in Fig. 2. They follow the expected E−1CM
trend. In both cases, the deviation from the experimental
results at low collision energies is a result of the deviation
of the actual collision energy from the detuning energy,
i.e. the collision energy for perfectly collimated, monoen-
ergetic beams. The convolution of a simulated E−1CM cross
section with the angular and energetic distribution of the
beams (blue lines) follows the experimental data at low
collision energies.
In conclusion, we have presented the first measure-
ments of absolute state-selective mutual neutralization
cross sections at subthermal energies. This has been
demonstrated for O− + N+ and O− + O+ collisions at
energies ranging from 5 meV to 2 eV. The measured to-
tal mutual neutralization cross sections above 1 eV are in
very good agreement with previous measurements from
Hayton and Peart [31]. We calculated the cross sections
and branching ratios down to 1 meV using the method by
Zhou and Dickinson [38] to arrive at coupling strengths,
which were then used in multi-channel LZ calculations.
Using this procedure, we found relatively good agreement
for O+ + O−, but in the case of N+ + O− the population
of the channel labeled 2s 2p4 4P could only be accounted
for if the strong configuration interaction in this channel
was considered. We expect that results at subthermal
energies of the present quality will be crucial for model-
ing the charge balance and ion excitation energies in cold
astrophysical environments.
In the present experiment, we could see small contri-
butions from metastable excited states in the incoming
ion beams. Such effects will almost always be a problem
in merged beams experiments with molecular ions. At
the DESIREE (Double Electrostatic Storage Ring Exper-
iment) infrastructure at Stockholm University [41, 42],
beams of anions and cations can be stored for long times,
relax to the lowest quantum states [43] and be merged
for studies of mutual neutralization at very low temper-
atures and well defined collision energies. Our present
studies with atomic reactants will serve to benchmark
similar experiments conducted with DESIREE.
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